Abstract Although titanium dioxide photocatalysts having an anatase phase are a promising substrate for photodegradation of pollutants in water and air, their photocatalytic activities show only under UV light. To utilize solar light which has a large amount of visible light, the development of the photocatalysts whose activities show under visible light is one of the most important strategies. We have succeeded in synthesizing chemically modified titanium dioxide photocatalysts in which S (S 4+ ) substitutes for some of the lattice titanium atoms. They show strong absorption for visible light and high activities for degradation of 2-propanol in aqueous solution and partial oxidation of adamantane in acetonitrile under irradiation at wavelengths longer than 440 nm. The oxidation state of the S atoms incorporated into the TiO 2 particles is determined to be mainly S 4+ from XPS spectra.
Introduction
Since photoinduced water splitting on TiO 2 electrodes was discovered (Fujishima and Honda, 1972) , titanium dioxide (TiO 2 )-mediated heterogeneous photocatalysis has attracted great attention for its potential applications to decomposition of pollutants in water and air (Hoffmann et al., 1995; Cao et al., 1999; Muggli and Falconer, 1999; Soana et al., 2000; Theurich et al., 1997) . Most of these investigations have carried out under UV light irradiation. The development of photocatalysts that show a high activity under visible light irradiation is needed in order to utilize sunlight more effectively in photocatalytic reactions. The doping of transition metals into TiO 2 (Ohno et al., 1999; Anpo, 1997) has been investigated for preparing high active photocatalysts under visible light. However, these catalysts neither showed a long-term stability, nor did they have high enough activities for a wide range of applications under visible light. In addition, it was reported that N-doped TiO 2 shows photocatalytic activity under visible light at a wavelength longer than 400 nm (Asahi et al., 2001) . The absorption coefficient of the N-doped TiO 2 powder in the visible region is significantly small suggesting that the incident visible light is not adsorbed effectively. Here, we report the preparation of S-doped TiO 2 powders and their photocatalytic activity under visible light.
Methods

Materials and instruments
Various kinds of titanium dioxide (TiO 2 ) powder having anatase and/or rutile crystal structures were obtained from Ishihara Sangyo (ST-01, , Toho Titanium (NS-51, T-1), and Japan Aerosil (P-25). The contents of anatase and relative surface areas of the particles were as follows: 192 .5 m 2 /g; ST-11: 100%, 70.6 m 2 /g; T-1: 99%, 25 m 2 /g; ST-41: 100%, 8.2 m 2 /g; PT-101: 0%, 25.0 m 2 /g; NS-51: 1.5%, 6.5 m 2 /g; P-25: 73.5%, 49.2 m 2 /g. Other chemicals were obtained from commercial sources as guaranteed reagents and used without further purification. The crystal structures of TiO 2 powders were determined from X-ray diffraction (XRD) patterns. The relative surface areas of the powders were determined by using a surface area analyzer (Micromeritics, FlowSorb II 2300). The absorption and diffuse reflection spectra were measured using a Shimadzu UV-2500PC spectrophotometer. X-ray photoelectron spectra (XPS) of the TiO 2 powders were measured using a Shimadzu ESCA1000.
Preparation of S-doped TiO 2 powders
For synthesizing the S-doped TiO 2 powder, titanium isopropoxide (50 g, 0.175 mol) was mixed with thiourea (53.6 g, 0.70 mol) at a molar ratio of 1 to 4 in ethanol (500 mL). The solution was stirred at room temperature for 1 h and concentrated under reduced pressure. After evaporation of ethanol, a white slurry was obtained. The slurry was kept for two days at room temperature, and white powder was obtained. This powder was calcined at various temperatures under aerated conditions, and yellow powder was obtained. After calcination, the powder was washed by distilled water several times to remove SO 4 2-anions adsorbed on the surface of S-doped TiO 2 particles. The powder was dried under reduced pressure at 80°C for 24 h.
Photocatalytic oxidation of 2-propanol on photoirradiation of TiO 2 powder
Photocatalytic reactions were carried out in a Pyrex tube containing TiO 2 particles (100 mg) and an aqueous solution of 10 vol% 2-propanol (5 ml). The solution was bubbled with oxygen at a rate of 2.0 ml/min for 15 min, and the glass tube was sealed by a septum. The flasks containing the solution and TiO 2 powder were sonicated before the photocatalytic reaction and stirred during the reaction. S-doped TiO 2 or pure TiO 2 powder was used as the photocatalyst. The suspension was photoirradiated using a 1000 W Xe lamp (EIKI Industrial Co. Ltd., EX-1000GT). To limit the irradiation wavelength, the light beam was passed through a UV-34, L-42, Y-44 Y-50 or Y-54 filter (Kenko Co.) to cut-off wavelengths shorter than 340, 420, 440 or 500 nm, respectively. Fine stainless meshes were used as neutral density filters to adjust the irradiation intensity. The amounts of acetone produced by photocatalytic reactions were determined using a Shimadzu GC-14B gas-chromatograph equipped with a PEG-1000 column.
Results and discussion
Physical properties of S-doped TiO 2 powders
The density of the yellow color depends on the calcination temperature. Some examples of diffuse reflectance spectra of these powders, together with those of pure rutile and anatase powders, are shown in Figure 1 . Photoabsorption in the visible region was strongest when the powder was calcined at about 500°C. The powder calcined at 400°C shows almost the same spectra as S-doped TiO 2 calcined at 500°C. The photoabosorption in the visible region was also stronger than that of N-doped TiO 2 powders (Asahi et al., 2001) . With increase in the calcination temperature above 500°C, the visible light absorption gradually decreased. When S-doped TiO 2 was calcined at temperatures above 700°C no visible light absorption disappeared. When the powder was calcined at 400°C for 3 h, the relative surface area was 88.8 m 2 /g. The relative surface area decreased with increase in calcination temperature. The contents of anatase and relative surface areas of in the particles are as follows: 400°C/3 h: 88.8 m 2 /g, 100%; 400°C/10 h: 62,1.8 m 2 /g, 100%; 500°C/3 h: 32.8 m 2 /g, 99%; 500°C/10 h: 28.5 m 2 /g, 98%; 600°C/3 h: 12.5 m 2 /g, 51%; 600°C/10 h: 10.9 m 2 /g, 45%; 700°C/3 h: 8.8 m 2 /g, 0%; 700°C/10 h: 7.5 m 2 /g, 0%. These results suggested that the anatase particles calcined at a temperature lower than 600°C had a strong yellow color.
Identification of chemical states of S atoms in TiO 2 particles
The chemical states of S atoms incorporated into TiO 2 were studied by measuring the XPS spectra of the S-doped TiO 2 . Calcination under aerated conditions at a temperature above 500°C results in the appearance of a broad peak attributed to S(2p) at around 168 eV. This peak is attributable to a mixture of two kinds of oxidation states of S atoms such as S 6+ and S 4+ , as shown in Figure 2 . The strongest peak observed at 167.6 eV was assigned to S 6+ by comparing the XPS spectra of the pure TiO 2 powder immersed in H 2 SO 4 aqueous solution followed by calcination at 500°C for 3 h. By washing the powder with deionized water and NH 3 aqueous solution several times, the XPS peak due to S 6+ decreased drastically, suggesting that S 6+ species such as sulfuric acid are adsorbed on the surface of TiO 2 . However, it should be emphasized that a weak peak attributable to the S 4+ ion remains after complete washing. The peak was also observed after Ar + ion etching of the sample. The atomic content of S atoms on surfaces of the S-doped particles is about 1.6% after the washing treatment. With an increase in the depth from the surface of TiO 2 , the concentration of S 4+ decreased gradually to about 0.5% in the bulk. These results indicate that S atoms are incorporated into the bulk phase of TiO 2 . It should be noted that no peak attributed to C and N atoms was observed after calcination of the S-doped TiO 2 powder.
Properties of the crystal lattice of S-doped TiO 2
In order to clarify the properties of the lattice of S-doped TiO 2 , we analyzed the relationship between FWHM (full width at half maximum) obtained from XRD patterns and particle size calculated from relative surface area. When the XRD patterns of S-doped TiO 2 powders were compared with a pure anatase TiO 2 having nearly the same relative surface area (particle size), the S-doped samples show broader peaks than those of pure TiO 2 samples as shown in Figure 3 . On the other hand, the peak positions are nearly the same. These results suggest that the crystal lattices of S-doped TiO 2 powders are locally distorted by incorporation of S 4+ species into TiO 2 , while the average unit cell length is unchanged. It is not clear whether the S 4+ species are introduced interstitially or at the lattice sites. However, the distortion of the local lattice is an important factor for showing the absorption in the visible region and for the shift of the onset of the absorption edge near 400 nm.
Photocatalytic activities of TiO 2 powder for decomposition of 2-propanol
We also evaluated the photodecomposition of 2-propanol on the photoirradiation of pure TiO 2 (Degussa, P-25) and S-doped TiO 2 (calcined at 400, 500 and 600°C for 3 h) powders. Figure 4 shows the decomposition rate of 2-propanol as a function of the cutoff wavelengths of the glass filters under Xe light. The pure TiO 2 powder had similar photocatalytic activity for degradation of 2-propanol to that of S-doped TiO 2 powder (calcined at 500°C for 3 h) under UV light. Although S-doped TiO 2 calcined at 400°C has a larger surface area comparing to P-25, the S-doped TiO 2 shows lower activity. This result indicates that the crystallinity of TiO 2 powder is expected to be an important factor for oxidation of 2-propanol under UV light. Furthermore, S-doped TiO 2 calcined at 600°C also shows lower activity than P-25 because the surface area of S-doped TiO 2 is smaller than that of P-25. Under visible light at wavelengths longer than 420 nm, S-doped TiO 2 powder showed a much higher level of activity than that of pure TiO 2 powder, which is due to a high photoabsorption of S-doped TiO 2 at wavelengths longer than 420 nm. S-doped TiO 2 calcined at 500°C shows the highest activity among the S-doped TiO 2 powders under visible light as shown in Figure 4 . As discussed above, the photoabsorption in a visible region of S-doped TiO 2 calcined at 400°C is almost same as that of S-doped TiO 2 calcined at 500°C. Therefore, the difference in photocatalytic activity under visible light is expected to be due to crystallinity of S-doped powder. The photocatalytic activity of S-doped TiO 2 calcined at 600°C is lower than that of S-doped TiO 2 calcined at 500°C, which is due to the difference in surface area of these powders. Oxidation of adamantine using S-doped TiO 2 powders under visible light is also under investigation and will be reported in another paper. Figure 4 Photocatalytic decomposition of 2-propanol using S-doped TiO 2 powders (calcined at 400, 500 and 600°C for 3 h) or pure TiO 2 (P-25) as a function of the cutoff wavelength for irradiation from a 1000W Xe lamp
